Agricultural residues are materials generated in large quantities in Brazil and can accumulate to such extent as to cause environmental problems. Among agricultural residues, maize cob is one worthy of notice, and an alternative use for maize cob would be to produce particleboard panels in association with wood particles. This study aimed to evaluate the feasibility of using maize cob for production of particleboard panels. The following maize cob percentages were used: 0%, 25%, 50%, 75% and 100%, in association with particles of Pinus oocarpa wood. Panels were made with 8% of urea formaldehyde and 1% of paraffin (based on dry weight of particles). For compressing the panels, a pressure of 3.92 MPa was applied at a temperature of 160° C, for 8 minutes. Increased replacement of pinewood by maize cob residue promoted significant improvements to the properties water absorption after two hours of immersion, thickness swelling after two and after twenty-four hours of immersion. Mechanical properties had a decreasing correlation with the maize cob percentage being incorporated.
INTRODUCTION
Brazil is in essence an agroindustrial country and as a consequence it has several types of lignocellulosic residue with potential for use, including maize cob, husks of rice, coffee, peanut, coconut and castor oil plant, as well as banana stem, cassava stem and sugarcane bagasse, among others (MENDES et al., 2010a; MENDES et al., 2010b.) .
Among the already mentioned residues, maize cob is worthy of special mention due to its high volume productivity, with corn (Zea mays L.) being ranked third among the most widely cultivated cereals worldwide, after wheat and rice (FOOD AND AGRICULTURE ORGANIZATION -FAO, 2008) . This agricultural residue can accumulate in large quantities and, as a result, cause environmental problems.
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Brazil's corn output has increased in the past 35 years at a yearly rate of 3.2% (COMPANHIA NACIONAL DE ABASTECIMENTO -CONAB, 2011) and, additionally, by 2021 the country should be expanding its corn crop area by around 500 thousand hectares. Bastos et al. (2007) argue that in every 100 kg of corn ears, around 18 kg are maize cobs. And with increased crop productivity, amounts of residue will surely also increase.
Crop residues need to be recycled somehow, and directing such waste material to production of particleboard panels is a possible alternative, given that as a rule particleboard panels can be produced from any Ciênc. agrotec., Lavras, v. 37, n. 4, p. 330 -337, jul./ago., 2013 lignocellulosic material capable of providing them with high mechanical strength and a preestablished specific weight (ROWELL; HAN; ROWELL, 2000) .
Considering the above context, the objective of this study is to evaluate the feasibility of using maize cob for production of particleboard panels in association with pinewood particles (Pinus oocarpa Schiede ex Schltdl.).
MATERIAL AND METHODS

Raw material and particle processing
Maize cobs (Zea mays L.) were obtained from the Engineering Department of the Federal University of Lavras, (DEG -UFLA), while pine trees (Pinus oocarpa Schiede ex Schltdl.) were collected from stands in the campus of UFLA at age 25 years. Maize cobs and pinewood were subjected to analysis to determine basic density values, following procedures in standard NBR 11941 (ASSOCIAÇÃO BRASILEIRA DE NORMAS TÉCNICAS - .
The pine trees were cut into short logs, which were then heated in a tank filled with water at a temperature of 60° C for 24 hours, and later processed in a lathe so as to derive sheets 2mm in thickness. The sheets were crushed in a hammermill using a 6mm mesh sieve. The maize cobs were processed in the same hammermill under similar conditions.
The resulting slivers of pinewood and maize cob were sieved using a 2mm mesh mechanical vibrating sieve in order to remove fine particles, and were then dried in an oven until they reached a 3% moisture content.
Chemical analysis of wood
For analysis of the chemical constituents of pinewood and maize cob, sawdust obtained from processing the wood in a Wiley mill was used. Material retained by the 40 through 60 mesh sieving screens was used. Following acclimatization at a temperature of 22 ± 2°C and 65±5 % relative humidity, the material was subjected to analysis to determine the total extractives content -NBR 14853 (ABNT, 2010), lignin content -NBR 7989 (ABNT, 2010), ash content -NBR 13999 and holocellulose content (obtained by the difference H(%) = 100 -%Total extractives -%Lignin content).
Experimental design and production of particleboard panels
The experimental design consisted of five treatments, in which four percentages of maize cob residue were used in replacement of pinewood, as is illustrated in table 1. Three panels with a nominal density of 0.70 g/cm³ were made for each treatment.
In order to produce the panels, 8% of ureaformaldehyde adhesive and 1% of paraffin (based on dry weight of particles) was used, in all treatments, spraying them onto the particles inside a rotating drum.
Once adhesive and paraffin were mixed with the particles, the mixture was placed into a sheet mold and manually compressed at 3 kgf/cm². The resulting sheet was then subjected to a hot compression cycle at a temperature of 160° C, at a pressure of 40 kgf/cm², for 8 minutes.
Evaluation of panels and statistical analysis
Once panels were acclimatized at a temperature of 22±2° C and 65±5% relative humidity, test pieces were removed using a circular saw. Analyses of the properties water absorption, thickness swelling and internal bond were based on standard American Society For Testing And Materials-ASTM -D1037 (2006), while analyses of the properties modulus of rupture and modulus of elasticity in static bending were based on standard DIN 52362 (1982) .
The experiment was laid out in a completely randomized design, on which the statistical analysis was based. There being a statistical difference among mean values of apparent density, a correlation analysis was conducted between panel densities and each of the properties in question. Where properties showed a significant correlation, an analysis of covariance was performed with means adjusted for panel density.
As the objective of this study was to verify variations in results of physical and mechanical properties as a function of increasing maize cob percentage, data were subjected to analysis of variance and analysis of regression, both at the 5% significance level. Results of percentage quantities of lignin and extractives found in maize cobs were similar to values found in literature, contrary to results found for ash percentage. Carroll and Somerville (2009) found 5.6% for extractives, Yrjas, Lisa and Hupa (1995) found 16.6% for lignin, and Bastos et al. (2007) found 3.06% for ash content in agricultural residue.
RESULTS AND DISCUSSION
Chemical analysis
As regards pinewood, values found in this study agree with results found in literature. In a study with softwoods, Colodette et al. (2002) found that lignin contents ranged between 15% and 35%, while extractives and inorganic constituents were found in fractions less than 10%. While studying the chemical composition of Pinus oocarpa cultivated in the cerrado, Morais, Nascimento and Melo (2005) found 11.47% of extractives, 25.18% of lignin and 1.26% of ash. Higher lignin contents are desirable for particleboard production, this component having a very condensed structure and irregular aspect which provides high rigidity to the relevant material, acting as a buffer of cellulose microfibrils, limiting parallel to grain movement and increasing mechanical strength against external forces (SWEET; WINANDY, 1999) .
In comparing results, it was noted that maize cobs have a lower lignin content than pinewood, while at the same time having a higher extractives content, which means that increasing maize cob percentages could negatively influence the physical and mechanical properties of panels.
Physical properties Density and Compaction Ratio
Mean values of basic density found for wood and maize cob were 0.473 g/cm³ and 0.170 g/cm³ respectively. Mean values of apparent density for each treatment along with the relevant values of compaction ratio are given in table 3. Mean values of apparent density ranged from 0.636 g/cm³ to 0.700 g/cm³, thereby placing the panels of all treatments under a medium-density category, which encompasses the range 0.59 g/cm³ to 0.80 g/cm³ (IWAKIRI, 2005) . Only panels made solely with pinewood had mean values of compaction ratio considered as being ideal by Maloney (1993) , between 1.3 and 1.6. Maize cob being a low-density agricultural residue (0.17 g/cm³), in comparison with pinewood (0.473 g/cm³), explains such results. Since compaction ratio is defined as the ratio of panel density to the density of the relevant material, this value increases to the extent that maize cob percentage rises against pinewood.
Water absorption two and twenty-four hours after immersion
The linear regression run between panel density and water absorption after two and after twenty-four hours of water immersion was found not to be significant, revealing no linear correlation between these two properties and panel density. The regression models fitted for water absorption after two (WA2h) and after twentyfour hours (WA24h) as a function of increasing maize cob percentage are illustrated in figures 1 and 2 respectively.
A significant decrease was noted in WA2h values with increasing maize cob percentages in the panels. Such a decrease can be explained by the increasing compaction ratio of the panels to the extent that more agricultural residue was added (Table 3) , promoting an initial barrier to water entry. Ciênc. agrotec., Lavras, v. 37, n. 4, jul ./ago., 2013 However, an opposite pattern was noted for WA24h, as these mean values increased with increasing maize cob percentages in the panels. Here, water already had enough time to permeate through the entire panel structure and, with maize cob being a low-density residue, a larger number of particles are needed to compose the panel to the extent that more residue is added, thereby allowing more hygroscopic sites for water to bind.
The amount of holocellulose in maize cob was found to be higher than in pinewood (Table 2) , with much of the content corresponding to polyoses, which have hygroscopic sites that promote higher water absorption. Mendes et al. (2010b) also found an increasing tendency for water absorption after twenty-four hours of immersion when evaluating particleboard panels made with coffee husk in association with eucalyptus. They found results ranging between 70% and 96% to the extent that wood was being replaced by coffee husk at rates of 25% to 75%. That range of absorption was similar to results found in this work, namely 75% to 97%, for the same replacement rates. When studying particleboard panels made with increasing levels of sugarcane bagasse in association with eucalyptus wood, Mendes et al. (2010a) found that values of WA24h ranged between 16% and 38% to the extent that bagasse percentage was increased, using 9% of ureaformaldehyde.
Güler and Buyüksari (2011) found that values of WA2h and WA24h were close to 56% and 68% respectively when evaluating particleboard panels made with peanut husk, with a density of 0.7g/cm³, using 8% of ureaformaldehyde in the core and 10% in the faces.
As far as panels from agricultural residues are concerned, overall, panels made with maize cob had higher WA2h and WA24h values than found in literature.
Thickness swelling two and twenty-four hours after immersion
The significant linear regression for thickness swelling after two hours of immersion reveals a linear correlation between that property and panel density. The estimate of the linear regression coefficient reveals that for an increase of 0.01 g/cm³ in panel density there is a reduction of 0.97% in thickness swelling after two hours of immersion. The linear regression was also significant for thickness swelling after twenty-four hours of immersion. The estimate of the linear regression coefficient reveals that for an increase of 0.01 g/cm³ in panel density there is a reduction of 2.07% in that property.
The regression models fitted for thickness swelling after two (TS2h) and after twenty-four hours of water immersion (TS24h) as a function of increasing maize cob percentage are illustrated in figures 3 and 4 respectively. A significant decrease was noted in values of TS2h and TS24h with increasing maize cob percentages in the * Significant F-value at the 5% significance level. * Significant F-value at the 5% significance level. * Significant F-value at the 5% significance level.
Decreasing values of internal bond were noted but only in treatments with 75% and 100% of maize cob. This decreasing tendency was also noted by Mendes et al. (2010b) when they evaluated values of internal bond as a function of increasing percentage of coffee husk in particleboard panels. These authors found a range of 0.15 to 0.30 MPa, both values being lower than all values found in this work. A possible explanation for such decrease is the low density of the residues, there being more particles and thus a reduced availability of adhesive per particle, potentially affecting the panel when it is subjected to tensile forces.
Güler and Buyüksari (2011) found values close to 0.30 MPa for internal bond when they evaluated particleboard panels produced with peanut husk using differing adhesive contents in the faces (10%) and in the core (8%). Dacosta, Haselein and Santini (2005) found 0.20 MPa for particleboard panels produced with sawmill residue in the form of chips.
The minimum value of internal bond required by standard Commercial Standard-CS 236-66 (1968) is 0.42 MPa for UF adhesive. Therefore, panels in which the replacement of wood by maize cob was of up to 50% did comply with the market standard.
Modulus of elasticity and modulus of rupture
The regression run between panel density and MOE and MOR in static bending was found not to be significant, revealing no linear correlation between these properties and panel density. The regression models fitted for MOE and MOR values as a function of increasing maize cob percentage are illustrated in figures 6 and 7, respectively. panels. Such a decrease can be explained by the increasing compaction ratio of the panels to the extent that more agricultural residue was added (Table 3) , promoting an initial barrier to water entry, and also by the chemical constitution of the material (Table 2) , with maize cob having a higher extractives content. Figure 5 -Mean values of internal bond as a function of maize cob percentage in panels. Mendes et al. (2010b) , when evaluating particleboard panels with differing percentages of coffee husk being added to eucalyptus wood, found that TS2h ranged from 20% to 25% and that TS24h ranged from 37% to 32%. Melo et al. (2009) , when evaluating differing percentages of rice husk being added to eucalyptus wood, found 9% to 17% for TS2h, and 45% to 49% for TS24h. Sekaluvu, Tumutegyereize, and Kiggundu (2013) found 26% for TS24h when evaluating particleboard panels made with maize cob using particles in the size range of 3.35 -8.00 mm.
Standard CS 236-66 only stipulates values for TS24h, namely 35% for panels produced with ureaformaldehyde. That said, the panels produced with addition of maize cob had similar values to results found in literature for particleboards from agricultural residues. On the basis of that standard, only when maize cob percentages were 75% and 100% did panels comply with requirements.
Mechanical properties
Internal bond
The regression run between panel density and internal bond was found not to be significant, revealing no linear correlation between that property and panel density.
The regression model fitted for values of internal bond as a function of increasing maize cob percentage is illustrated in figure 5. * Significant F-value at the 5% significance level. * Significant F-value at the 5% significance level. Ciênc. agrotec., Lavras, v. 37, n. 4, p. 330 -337, jul./ago., 2013 A decrease was noted in values of MOE and MOR with increasing maize cob percentage in panels. This decreasing tendency was also noted by Mendes et al. (2010b) when they evaluated values of MOE and MOR as a function of increasing percentages of coffee husk in particleboard panels. These authors found a decrease from 800 to 300 MPa for MOE, and from 6 to 2 MPa for MOR, for coffee husk use rates between 75% and 25%.
A fact that may have led to decreasing mechanical strength is that the ash content in maize cob is higher than in pinewood (Table 2 ). According to Iwakiri (2005) , an ash content below 0.5% does not affect adhesive bond performance. However, the ash value found in this study was 1.6%, which may have affected the bonding strength between panel particles.
Another fact may be associated with lower lignin content (Table 2) , which promotes less compaction and connection between particles (MALONEY, 1993). Melo et al. (2009) evaluated the properties of particleboard panels in which rice husk and eucalyptus wood were associated (0 to 100%) and found values of MOE decreasing from 1,225 to 196 MPa, and values of MOR ranging from 14.7 to 3.9 MPa, as the amount of rice husk added was increased.
Güler and Buyüksari (2011) evaluated the properties of particleboard panels produced with peanut husk using different concentrations of urea-formaldehyde adhesive in the faces (10%) and in the core (8%) of the panel and obtained values close to 1,200 MPa for MOE and 9 MPa for MOR. Mendes et al. (2012) evaluated particleboard panels produced with sugarcane bagasse associated to pinewood (25, 50 and 75%) and found MOE values ranging from 810 to 823 MPa, and MOR values ranging from 9.3 to 11 MPa.
Sekaluvu, Tumutegyereize, and Kiggundu (2013) evaluated particleboard panels produced with maize cob particles only and found means of 60 MPa for MOE and 1.5 MPa for MOR. Standard CS 236-66 (1968) stipulates minimum values of 2,402 MPa for MOE and 11 MPa for MOR for particleboard panels made with urea-formaldehyde adhesive. Therefore, the values found for the panels produced with pinewood in association with maize cob particles were consistent with values found in literature for panels from agricultural residues, yet they were below the minimum requirement set by the market standard.
In conclusion, further studies are recommended with different production variables, mainly with increasing adhesive quantities and evaluating lower quantities of maize cob, as percentages higher than 50% drastically decreased mechanical properties.
CONCLUSIONS
Increasing replacement of pinewood by maize cob residue promoted significant improvements in the properties WA2h, TS2h and TS24h;
Mechanical properties had a decreasing correlation with the maize cob percentage being incorporated; Percentages higher than 50% drastically decreased values of mechanical properties;
Overall, incorporating maize cob does not affect the physical properties of panels, despite affecting their mechanical properties.
